Three dimensional (3D) woven composites have attracted the interest of academia and industry thanks to their damage tolerance characteristics and automated fabric manufacturing. Although much research has been conducted to investigate their out-of-plane "through thickness" properties, still their in-plane properties are not fully understood and rely on extensive experimentation. To date, the literature lacks an inclusive summary of the mechanical characterisation for 3D woven composites. Therefore, the objective of this paper is to provide a comprehensive review of the available research studies on 3D woven composites mechanical characterisation, with less emphasis on the outof-plane response, but an in-depth review of the in-plane response "un-notched vs. notched". The paper highlights the knowledge gap in the literature of 3D woven composites, suggesting opportunities for future research in this field and a room for improvement in utilising Non-Destructive Techniques (NDT), such as Digital Image Correlation (DIC), Acoustic Emission (AE) and X-ray Computed Tomography (CT), for observing damage initiation and evolution in 3D woven composites that could be used to calibrate and evaluate analytical and numerical models.
Introduction
Two-dimensional (2D) laminated composites are characterised by their in-plane high specific stiffness and strength (Ansar et al. 2011) . However, many real life applications are exposed to out-of-plane loading conditions that make it impossible to resort to the 2D laminates as the proper solution. Wind turbine blades, stringers and stiffeners in aircraft, pressure vessels and construction applications are some examples of applications in which outof-plane loading conditions are imposed on the structure. Thus, the need for composite materials with enhanced through-thickness "out-of-plane" properties has emerged. This need requires replacing 2D laminated composites with three-dimensional (3D) textile structures in which binding/stitching yarns are introduced in the z-direction. The "enhanced out-of-plane properties" is not the only advantage of 3D composites. The delamination resistance, due to the use of z-binders, enhances the impact performance and damage tolerance of such material systems (Mcclain et al. 2012 ). In addition, using textile technology can be utilised to manufacture near-net-shape preforms which reduces the manufacturing/machining cost and time even further. Although various techniques exist for manufacturing 3D textile preforms such as stitching, braiding, weaving and knitting, the most widely used nowadays is weaving due to its high production rate along with the ability to produce various 3D woven structures (Ansar et al. 2011) .
Generally, 3D woven composites can be divided into two main groups depending on how deep the binder penetrates through the fabric. If it penetrates all the way through the thickness it is referred to as through-thickness (TT) interlock (see Fig. 1a , c) while it is classified as layer-to-layer (LTL) if the binder only holds adjacent layers (see Fig. 1b ). Then this classification is further divided according to the interlacing angle of the structure. The first category is the angle interlock (AI) in which the interlacing angle between the binder and weft yarns can have any value except 90° (  Fig. 1c) . The second category is a special case of the first one. The orthogonal interlock (ORT) (Fig. 1a) occurs when the interlacing angle between the binder and weft yarns is equal to 90° (Ansar et al. 2011) .
The weave pattern used during the weaving process can also affect the classification of 3D woven composites. For instance in the case of ORT weave, the frequency of the zbinder sweeping the top and bottom surfaces of the weave can vary from plain ( Fig. 2a) to twill (Fig. 2b) or satin (Fig. 2c) pattern. This will directly affect the unit-cell size, degree of crimp, elastic response and damage/delamination resistance as it will be highlighted later in this paper.
From an industrial point of view, 3D woven LTL and AI architectures have been used in applications where load is required to be transferred around a bend such as brackets, curved beams and T-shaped profiles (Redman et al. 2014 ). In such applications, the developed architectures were reported to demonstrate more resistance to the interlaminar shear and radial stresses developed in service. In Automotive industries, LTL woven composite was used to replace the high-strength steel (HSST) beams (Bayraktar et al. 2015) . In addition, McClain et al. (Mcclain et al. 2012) reported successful usage of LTL and AI architectures in truss beams with integral off-axis stiffeners as well as stiffened panels in which continuous fibres run from the skin into each stiffening element. In this way, the need for fasteners and bonds at joints is overcome which is one of the major challenges facing 2D laminated composites nowadays. ORT architecture has been successfully used in the LEAP project to manufacture fan blades and engine casings for A320neo, Comac C919 and 737-MAX as well as fuselage barrel stringers on long-range aircraft (Jewell et al. 2011) . Another interesting application of ORT carbon fibre architectures was reported by Hemrick et al. (Hemrick et al. 2011 ) in ultra-light weight heat exchangers for vehicle radiators. The application made use of the high thermal conductivity of ORT architecture as the through-thickness binder creates a conduction path for the heat dissipation, In addition, Sharp et al. (Sharp et al. 2013 ) and Mohamed et al. (Mohamed and Wetzel 2006) have reported the usage of ORT architecture in wind turbine rotor blade applications. The concept was to integrate Π-joints with I-beam joints to connect the shear web and the spar cap in order to resist delamination and improve the damage tolerance of the blade.
In spite of the previously mentioned advantages of 3D composite preforms, still their applications are limited (Tong et al., 2009a; Warren et al. 2015a) . One of the main reasons is the level of knowledge required to control the manufacturing process parameters. During the resin infusion process, it is essential and challenging, at the same time, to make sure that the resin has the ability to reach all the intricate locations in the 3D complex woven architecture in order not to have voids in the manufactured part. On the other hand, there may be regions of resin rich pockets in the manufactured composite. Many parameters affect the quality of the produced component such as the resin viscosity, the 3D woven composite architecture and the mould design. This requires a properly designed and controlled environment during the infusion process. Additional manufacturing defects can be in the form of fibre breakage, in-plane fibre distortion or zbinder fibre distortion. Tong reports a comprehensive study about the manufacturing defects and their possible causes . In addition to the manufacturing challenges, 3D woven composites are characterised by lower in-plane properties compared to those of 2D laminated composites. This is due to the fibres' undulation or "crimp" caused by the interlacement of the longitudinal "warp" fibres, transverse "weft" fibres and z-binding fibres "binder" (Stig 2012) . The influence of the crimp on the in-plane properties was studied by Stig (Stig and Hallström 2013) . So, it is always a trade-off between the enhanced out-of-plane properties and the reduced in plane properties. This is an open area for optimising 3D woven composites according to specific applications. One last concern regarding 3D woven composites is to understand their mechanical behaviour in the elastic region; but more importantly when damage occurs. Although quite a reasonable amount of research has been done in this field, still more experimental work has to be carried out before expanding in the usage of 3D woven composites in engineering applications.
To date, the literature lacks a comprehensive summary of the mechanical characterisation work done for 3D woven composites. Therefore, the objective of this paper is to provide as much detailed and comprehensive review of the available research studies on 3D woven composites mechanical characterisation, with less emphasis on the out-ofplane response, but an in-depth review of the in-plane response "un-notched vs. notched". This paper is designed purely to address the advancement in experimental characterisation of 3D woven composites, but not the modelling aspect as it has been previously reviewed by Ansar et al. (Ansar et al. 2011) . Section 2 will briefly discuss some of the previous studies of out-of-plane characterisation of 3D woven composites including impact/indentation, flexural and interlaminar shear strength (ILSS) testing. A comprehensive review of the un-notched in-plane response is then detailed in section 3 for both on-axis and off-axis orientations. Then, section 4 is dedicated to the notched response of 3D woven composites again for, on-axis and off-axis, open-hole tension and bearing strength testing. Finally, section 5 highlights the concluding remarks of this review and summarises in a tabulated format the different studies available in the literature for the different weaving architecture "ORT, LTL and AI".
Out-of-plane properties characterisation

Impact/indentation testing
As the main advantage of 3D woven composites is clearly their out-of-plane enhanced properties, many researchers for example (Ji et al. 2007; Luo et al. 2007; Hao et al. 2008; Walter et al. 2009; Gerlach et al. 2012; Seltzer et al. 2013; Umer et al. 2016 ) studied the effect of the z-binding yarns on the impact damage behaviour and the energy absorption of those material systems. Impact testing in literature was classified based on the impact velocity to low (< 10 m/s) as reported in (Umer et al. 2016) , high (~20 to 50 m/s) as in (Ji et al. 2007; Hao et al. 2008) and ballistic (~900 m/s) as discussed in (Walter et al. 2009 ). Hao et al. (Hao et al. 2008 ) studied the behaviour of ORT woven glass fibre composite plate and T-beams subjected to quasi-static indentation and impact loadings. Global response in the form of load displacement and energy absorption curves was evaluated, and Finite Element Modelling (FEM) results were validated against them. The implemented model correlated well with their experimental findings. In addition, damage mechanisms in the case of the T-beam and the plate were compared. They reported higher energy absorption by the T-beam as opposed to the composite plate, for the same loading level. Another study by Ji et al. (Ji et al. 2007 ) investigated the quasi-static indentation and impact behaviour of a circular plate made of ORT woven glass fibre composite. The quasi-static indentation test was carried out using a MTS machine while the impact test was done using a modified split Hopkinson pressure bar apparatus. The damaged surfaces of the specimens were characterised afterwards and energy absorption was calculated to verify FEM models they produced. Luo et al. (Luo et al. 2007 ) carried out quasi-static indentation and transverse impact tests for ORT hybrid woven composites with aramid and glass fibre yarns. The focus of this study was the strain rate sensitivity effect on energy absorption. It was reported that the higher the impact velocity (20, 40, 55 m/s), the higher the energy absorbed (~8, 12, 18 J) by the composite. Regarding the damage/failure mechanisms, the quasi-static loaded specimens suffered from tensile failure on the bottom side and compressive failure on the top side. In the case of impact damage, three damage mechanisms were captured: matrix cracking, fibre breakage and fibres pullout. In contrast to the response of the laminated composites, the effect of the through-thickness binder was significant as it supressed the delamination. An interesting study by Seltzer et al. (Seltzer et al. 2013 ) revealed the damage mechanisms of 3D S2-glass, carbon and hybrid woven composites by X-ray Computed Tomography (CT) due to low-velocity impact. In addition, they compared the energy absorption of the 3D woven composites with that of 2D laminated counterparts. They reported that the energy absorbed by the 3D woven composites was approximately twice the energy absorbed by the 2D laminated composite. The X-ray images demonstrated that this higher energy absorption was due to the binding yarns delaying the delamination and providing integrity to the structure. The existence of binding yarns resulted in dissipating the energy by other damage mechanisms such as tow splitting, out-of-plane shear and extensive fibre breakage.
Flexural & interlaminar shear strength testing
The effect of z-binding yarns on the flexural and interlaminar shear strength of 3D woven composites has been studied by Cox et al. 1994; Wang 2006; Walter et al. 2010; Behera and Dash 2015; Dai et al. 2015a; Umer et al. 2016; Labanieh et al. 2017) . For ORT and 3D braided architecture, Wang et al. (Wang 2006) reported both the flexural "3-point bending" and ILSS responses. Failure modes for flexural testing were a combination of tensile and compressive failure modes with the tensile modes being more significant. Authors mentioned clearly that the short-beam test could not be considered as a valid measure of the ILSS of 3D woven composites as they would not fail in shear. The calculated shear at failure was referred to as "apparent interlaminar shear strength" which represented a lower bound for the interlaminar shear strength as specimens failed due to bending instead. However, authors claimed that failure due to interlaminar shear might have occurred prior to the bending failure.
Following this study, Tong et al. reported that flexure properties "modulus/strength" of 3D woven composites were found to be inferior to 2D laminates. With regards to the interlaminar shear short beam test, they reported, in a single graph, the normalised interlaminar shear strength versus the z-binder volume fraction reported in previous studies. In some cases, a slight improvement in the ILSS properties was observed although in most cases no significant change was reported. On the contrary, Walter et al. ) concluded in his study that 3D woven composites "ORT & AI" tested in the short-beam configuration exhibited lower interlaminar shear strength when compared to 2D plain woven laminated composite as a baseline. It is useful for the discussion to highlight here that the first drop in the load is normally used to calculate the ILSS which may be misleading in the case od 3D woven composites. As the z-binding yarns cause higher crimp and stress concentrations, this accelerates the first damage to occur corresponding to the first load drop. However, the same z-binding yarns help resisting delamination and crack propagation leading to higher strain to failure of 3D woven composites compared to their 2D counterparts. This was supported by optical microscopy in this study revealing that delamination cracks were arrested by the z-binding yarns in the case of ORT leading to a homogenously distributed damage and different non-linear response compared to the baseline 2D architecture. This demonstrated the damage tolerance capabilities of 3D woven composites.
For better understanding of the damage evolution in quasi-static flexural testing, Umer et al. (Umer et al. 2016) utilised X-ray CT scans of the failed specimens after testing. Three different architectures "ORT, LTL, AI" were tested along the warp and weft directions. A significant difference between the weft and warp modulus (~1.7) and strength (~1.4) was attributed to the higher fibre volume fraction in the weft compared to the warp for LTL architecture. This effect was less in the case of ORT (~1.14) and AI (~1.1) in which the difference between the fibre volume fraction in the weft and warp was not significant. X-ray CT scans revealed that damage initiated at resin-rich areas and around the z-binding yarns. Authors reported that cracks propagation followed the z-binder yarns leading to final failure. Labanieh et al. has recently investigated the effect of adding biased layers (+θ°/−θ°) to classical ORT architecture on the interlaminar shear response using short-beam testing configuration. The two multiaxial ORT architectures were different from the stacking sequence point of view. One of them (referred to as IMA) had the biased layers (+θ°/−θ°) adjacent to each other while they were separated by a 0°layer in the second architecture (referred to as MA). Digital Image Correlation (DIC) was used to obtain full strain field across the thickness of the specimens during testing. Locations of macroscopic cracks initiation were captured and analysed successfully. For all the tested architectures, the z-binding yarns reduced the delamination growth. In addition, authors concluded that insertion of the biased layers, especially in the case of the MA architecture, improved the delamination resistance compared to a classical ORT architecture. This was justified by the reduction of the relative angle between successive yarn layers.
Un-notched in-plane properties characterisation
In this section, the un-notched in-plane characterisation of 3D woven composites is reviewed in detail. As a convention for all the studies to be discussed, the "on-axis" terminology represents the cutting orientation along the warp or the weft directions while the "off-axis" terminology refers to a 45°cutting orientation as depicted in Fig. 3 .
On-axis
For the in-plane properties' characterisation, much work has been done to characterise the failure mechanisms of 3D woven composites subjected to quasi-static loading (Cox et al. , 1996 Pochiraju 1999; Leong et al. 2000; Tan et al. 2000; Quinn et al. 2008; Lomov et al. 2011; Gerlach et al. 2012; Visrolia and Meo 2013; Behera and Dash 2015; Warren et al. 2015a; Dai et al. 2015a ) along the warp-or weftdirections. An early study by Cox et al. (Cox et al. 1994 , 1996 studied the failure mechanisms of 3D woven composites (ORT, LTL) monotonically loaded in tension, compression and bending. They found that the dominant failure modes in 3D interlock woven composites were tow rupture and pull-out (tension case), delamination and kinkband formation (compression case), and a combination of those failure modes (bending case). Afterwards, Pochiraju and Chou (Pochiraju 1999) reported the behaviour of 3D woven composites (LTL, AI, Braided) under tension along the warp and weft directions. Moreover, compression tests were conducted using the IITRI test fixture, shear using Iosipescu fixture and bending using four-point fixture. The stress-strain response for all the conducted testing and for the various textile architectures was analysed and the fractured surfaces were investigated. Linear stress-strain response was reported when loaded along the warp and weft directions while non-linear response was observed in the case of shear/off-axis loading. The study concluded that resin rich regions and tow-matrix debonding at the interface represented the weak and preferential path for fracture.
For ORT woven composites manufactured out of glass fibre Lomov et al. 2009 ) or carbon fibre (Lomov et al. 2011; Bogdanovich et al. 2013) , they studied their mechanical response in tension as well as damage initiation and progression using acoustic emission (AE) method both in the warp and weft directions. For the glass fibre case, a comprehensive comparison between ORT woven composite and a 2D plain woven counterpart was conducted. The study suggested that ORT woven composite had significantly higher ultimate tensile strength and strain to failure. This superior response demonstrated the capability of the ORT woven composite in supressing delamination and damage tolerance as opposed to the 2D laminated composites manufactured out of the same fibre type. The study was also supplemented with full-strain maps using DIC analysis and micrographs to visualise damage and cracking progression. In addition, light transparent images were used to trace the damage progression throughout the mechanical test. In the case of carbon fibre ORT woven composite, the "as manufactured" internal geometry was scanned using X-ray CT to reveal any fabric distortion or voids due to the manufacturing process. The X-ray CT technique was then used to reveal the crack propagation and damage progression during testing. A clear classification of the different types of damage mechanisms observed was tabulated in the study which was supported by the micrographs or the X-ray CT scans (see Table 1 ).
The AE data suggested that the damage progression in the case of warp loading is significantly different from the case of weft loading. The higher energy events in the weft loading direction was attributed to the higher amount of transverse cracking and local debonding as well as the presence of undulated weft yarns on the surface layers of the composite. For the warp loaded ORT woven composite in both studies, it was found that damage initiates firstly at binder interlacement points. It is then followed by transverse cracks in yarns transverse to the loading direction and local delamination between yarns. Final failure is characterised by fibre failure that leads to complete rupture of the specimen. In an attempt to highlight the knowledge gap for through-thickness reinforced composites, Mouritz and Cox (Mouritz and Cox 2010) surveyed the available literature to determine the effect of stitching, pinning and 3D weaving (ORT and AI) on the quasi-static (tension, compression, interlaminar shear) and fatigue response of composite materials. According to their study, through-thickness reinforcement either by z-binding yarns or stitching could improve the in-plane mechanical properties but not pinning. For pinning, the reduction of the in-plane properties was justified by the fact that fibre breakage/damage is more prevalent in pinned composites compared to 3D woven and stitched composites, although the percentage of fibres broken by pinning has never been measured. For z-binding and stitching, the enhancement in in-plane mechanical properties have been found to be typically less than 20% of their equivalent 2D laminate counterparts and independent from the fibre volume fraction or the size of the z-binding yarns/ stitches. On the contrary, some other researchers reported a reduction in the in-plane mechanical properties of 3D woven/ stitched composites which is usually less than 20% as well. Mouritz and Cox tried to explain this contradiction in the reported data from different researchers. They justified the improvement in the mechanical properties by higher fibre volume fraction due to compaction of the 3D woven/stitched composites during the throughthickness reinforcement process. However, such an explanation could not be supported without correlating the inplane mechanical properties to the fibre volume fraction and prove repeatability; which is something many researchers failed to report in their studies. On the contrary, the reduction of the in-plane mechanical properties could be attributed to the geometrical distortions and induced defects because of the through-thickness reinforcing process such as fibre waviness, undulation, voids and resin rich regions. Comprehensive quantitative analysis of the effect of defects on the mechanical properties and damage mechanisms of through-thickness reinforced composites is essential to understand the behaviour of such material systems; which according to their study represents a knowledge gap that limits the possibility of predicting the failure strength of 3D woven and stitched composites.
Gerlach et al. (Gerlach et al. 2012 ) studied AI woven composites, with two different z-binder volume fractions 3 and 6%, subjected to quasi static (3-4 × 10 −3 mm.s ) and high (11,000 mm.s −1 ) strain rates. The different loading conditions included tension (warp, weft), interlaminar shear, out-of-plane tension and compression, 3-point bending and plate bending. The paper tackled various challenges faced during testing such as developing appropriate test methods for out-of-plane properties characterisation of 3D woven composites as well as the scale effect when comparing the specimen's dimensions required for quasi-static and dynamic "medium/ high strain-rate" tests. Damage evolution for the different conducted tests was characterised with an air-coupled Ultrasound system, X-ray CT system and 3D optical microscopy system. A summary of the experimental campaign and specimens' dimensions is detailed in Table 2 . The reader is referred to the original paper for detailed experimentation procedure.
The study concluded that the effect of z-binder volume fraction on the in-plane properties was minor. However, it significantly affects the delamination resistance in the case of plate bending. The paper provided some guidelines for modelling of 3D woven composites, based on a comprehensive experimental campaign, which included accurate modelling of the z-binder deformation and damage propagation as well as its effect on the delamination resistance of the 3D woven composite. Visrolia and Meo (Visrolia and Meo 2013) performed on-axis tension (0°direction), offaxis tension (45°direction) and compression tests to validate their modelling strategy for ORT woven composites. A good agreement of global stress/strain was demonstrated between their proposed model and the experimental results, although for off-axis tension the experimental results were reported up to 3% strain only (not until failure) and the damage mechanisms were not revealed.
The influence of fabric architecture of 3D woven composite on tensile, compressive and bending response was investigated by Dai et al. (Dai et al. 2015a ) only along the warp direction. They focused mainly on ORT and AI architectures while varying the ORT pattern as 1-by-1 and 3-by-3 weaves. Burn-off method was carried out to determine the fibre volume fraction for all the six tested architectures. In addition, DIC was used during tensile loading to visualise the strain map on the surface while optical microscopy was used to reveal the quality of the "as manufactured" panels as well as the damage at failure. They found that the mechanical performance was affected by resin rich regions and waviness of load-carrying fibres. The warp tow waviness measured for the different architectures was in the range of (0.5 to~3%). The less waviness in a specific architecture, the higher the modulus and strength measured experimentally. The reader is referred to the original paper for detailed analysis. Moreover, one of their AI architecture outperformed ) characterised the global stress-strain curves and failure modes of 3D twill harness ORT woven composites, two types of LTL woven composites and 2D quasi-isotropic woven architecture subjected to warp and weft tensions. Optical microscopy images revealed the "as manufactured" internal architecture of the various 3D woven composites in this study. Full field strain mapping up to failure was captured using DIC. Results from DIC clearly showed the higher strain concentrations in the matrix regions especially when loaded along the weft direction; however no explanation for this observation was provided. In case of LTL, a nonlinear stress-strain response was observed and it was attributed to the higher crimp in the warp direction compared to the weft direction. A similar non-linear trend in tension was also reported in (Callus et al. 1999; Leong et al. 2000; Rudov-Clark 2007; Labanieh et al. 2017 ). Inplane shear testing was also carried out using V-notched rail shear method, where authors found that the shear among adjacent tows and matrix degradation were the dominant damage mechanisms in shear leading to final failure. The effect of crimp on the compressive response was determined by defining the compressive warp-loaded strength/stiffness normalised by the weft-loaded strength/ stiffness. The tow waviness ratio was defined as the tow waviness in the weft tows divided by the tow waviness in the warp tows. Authors suggested that tow waviness has a significant effect on the mechanical performance of 3D LTL woven composites and adjusting tension during the weaving process can be controlled in the weft direction to adjust this tow waviness ratio and keep it closer to unity.
One recent paper by Saleh et al. (Saleh et al. 2016b ) characterised the mechanical properties and the influence of the z-binder of three different architectures of 3D woven composites (ORT, LTL, AI) both in the on-axis and off-axis directions. In this study, resin film infusion (RFI) process (see Fig. 4 ) was utilised to wet the 3D woven fabrics to produce the 3D woven composite plates.
The study suggested that the z-binder affects void content in 3D woven composites since the amount of resin flowing between warp and weft tows is partly inhibited by the binders. As the RFI process does not have a flow medium to guide the resin during the infusion process, the z-binding yarns in 3D woven composites guide the resin through the thickness of the 3D preform. Thus, ORT architecture induced the highest amount of void (~2.63%) followed by AI (~2.42%) and LTL (~1.63%) architectures as shown in Fig. 5 .
The study also concluded that regardless of the weaving architecture, the directional fibre volume fraction of the warp and weft directly affects the stiffness (Fig. 6a ) and tensile strength (Fig. 6b) .98).
One of the latest studies by focused on the tensile response of ORT architecture along the warp/weft directions with the aim to understand the effect of the z-binder on the mechanical response and damage initiation as well as evolution coupled with DIC, AE and X-ray CT techniques. Both monotonic and fatigue uniaxial tension cases were studied. Using the DIC system, extensive strain localisation regions, corresponding to higher strain, were captured at the "z-crown" regions and the weft boundaries when loaded along the weft and warp directions respectively. The "z-crowns" were defined as short surface segments of z yarns oriented in warp direction and laying over the weft yarns. These in-plane strain localisations were successfully correlated with the AE events. Beside the in-plane strain localisations, out-of-plane strains "jumps" occurred locally at the "z-crown" spots which were associated with both local and global damage progression. Cross sectional X-ray CT scans revealed the most dominant damage mechanisms which were classified as surface tow debonding, surface tow transverse cracking and inner tow debonding. The local surface tow debonding and transverse cracking were referred to as the cause of the local jump of the "z-crowns". The study concluded that although the z-binders could cause out-of-plane effects/deformation, they could still provide transverse reinforcement to 3D woven composites.
It is worth mentioning at this point that some of the work Lomov et al. 2009; Bogdanovich et al. 2013; Visrolia and Meo 2013; Saleh et al. 2016b ) discussing the on-axis testing has also investigated the offaxis biased loading of 3D woven composites as it will be detailed in the following section.
Off-axis
Limited work has been performed to characterise 3D woven composites under off-axis (45°) loading direction. As mentioned earlier in the On-axis section, Lomov et al. Lomov et al. 2009 ) have reported loading direction sensitivity (warp, weft, bias) of 3D woven composites but the materials were limited to ORT architecture. The focus on ORT architecture was justified by the fact that this type of architecture could demonstrate higher in-plane stiffness and strength than AI architecture owing to having more straight yarns in the plane of loading. The study also compared the damage evolution of ORT against 2D laminated composite. In addition, it was supplemented with full-strain maps using DIC analysis and micrographs to visualise damage and cracking progression. Clear distinction between the damage evolution in 2D and 3D woven composites was reported. In the case of 2D laminate, damage started in the form of transverse cracks within both the warp and weft yarns. These transverse cracks multiply up to a saturation stage at which local delamination at crack tips was observed. Closer to failure, extensive delamination and "scissoring" effect due to warp and weft realignment led to large shear stresses/strains. Damage for ORT architecture was first observed at the interlacement points with the binder which was referred to in the paper as "z-crown" regions. This type of damage was described as repeated small micro-cracks homogenously distributed across the specimen. They acted as "trellis hinges" around which the warp and weft yarns try to rotate/realign. Afterwards, those cracks penetrated to the matrix pockets forming shear cracks in the neighbouring z yarns. Then, several shear cracks within the warp and weft yarns were observed before reaching the state of extensive transverse cracking and local debonding between in-plane yarns close to final failure.
Following this work, the study by (Saleh et al. 2016b ) has demonstrated the need to determine the loading direction sensitivity of various architectures of 3D woven composites subjected to warp, weft and bias loadings. The relationship between damage mechanisms and energy absorption up to failure was revealed. In addition to investigating the on-axis loading direction response as highlighted in the previous section, the study conducted a detailed examination of the off-axis response of three different 3D woven architectures namely ORT, LTL and AI. X-ray CT technique was used to characterise damage initiation and evolution during testing. The off-axis stress-strain response demonstrated that out of all the tested architectures, ORT exhibited the best performance in terms of the highest failure strength and failure strain as opposed to AI and LTL (see Table 3 ).
Capturing the damage evolution in the off-axis direction using X-ray CT scans helped in understanding the reason behind the different response of the ORT, LTL and AI architectures. The study used the nomenclature listed in Table 4 to easily describe the various damage mechanisms observed. For all the tested architectures damage initiated in the form of free edge matrix cracking (F-type) due to the interlaminar stresses between layers which was referred to by (Sun and Chu 1991; Becker 2004, 2007) as the free edge-effect. This type of damage was then followed by z-binder induced damage (Z-type) in the form of matrix cracking, specifically in ORT and AI, and transverse cracking within yarns (T-type) started multiplying in number before reaching the saturation stage and leading to inter-yarn delamination (D-type) at the crack tips. Inter-yarn delamination continued to grow, guided by the z-binder path, mainly in the LTL case while it got arrested by the z-binding yarns in ORT and AI. Closer to fracture, extensive delamination led to slippage between in-plane yarns (S-type) in the case of AI and LTL. On the contrary, the damage was uniformly distributed all over the gauge length of the ORT specimens. The study attributed this to ORT having a smaller unit cell size and higher z-binder frequency through the thickness. This enabled stress redistribution over a longer span and prevented slippage between the in-plane yarns. Moreover, it helped to create an interlocking mechanism that increased the rotation angle and realignment of the in-plane yarns in the case of ORT and therefore the capability of yarns to experience extensive off-axis strain. With regards to the energy absorption capability, the study concluded that the in-plane off-axis tensile loaded 3D woven composites, in general, can absorb higher amounts of energy compared to their on-axis counterparts. But more interestingly, the ORT off-axis loaded architecture exhibited the highest energy absorption (3 times higher and five times higher) of all the architectures in the off-axis and the on-axis directions respectively.
Labanieh et al. ) recently studied the effect of adding two layers of biased (+θ°/−θ°) yarns to a classical ORT architecture on the mechanical response in tension and short beam testing. Three ORT architectures were experimentally tested, two of which included the biased in-plane yarns while the last one represented a classical ORT architecture for baseline comparison. In-plane yarns were glass fibre yarns while the binder yarns were Kevlar yarns. The two multiaxial ORT architectures were different from the stacking sequence point of view. One of them (referred to as IMA) had the biased layers (+θ°/−θ°) adjacent to each other while they were separated by a 0°l ayer in the second architecture (referred to as MA). So from the testing point of view, off-axis yarns experienced biaxial stress state when the global loading direction was along the warp or the weft. The "as manufactured" internal microstructure was examined by optical microscopy at different sections and fibre volume fraction was determined experimentally (~50%). During testing, full strain mapping was captured with DIC for monotonic and "loading/unloading" tension. In the case of off-axis loading, a significant difference was observed between the multiaxial ORT specimens and the classical ORT. Classical ORT stress-strain response was significantly non-linear compared to the two multiaxial counter parts with much higher strain to failure and much lower strength. This distinguished behaviour of the classical ORT was attributed to the absence of reinforcing fibres along this off-axis (45°) loading direction. Modulus degradation due to damage evolution was measured through the "loading/unloading" tensile test in the warp, weft and off-axis direction and recommended by the authors for incorporation in modelling the effect of damage in 3D woven composites. The reader is referred to the original article for extensive discussion of ILSS data of the specified architectures.
Notched characterisation
Open-hole tension On-axis
The scope of previous studies in the literature has been dedicated to evaluating the effect of notches on the strength, fracture toughness, damage and failure mechanisms of both laminated (Awerbuch and Madhukar 1985; Callus 2007 ) and 2D woven composites (Yudhanto et al. 2012a, b) . It was observed that the undulating nature of the woven fabric improves the delamination and splitting resistance compared to 2D laminates as it helped in preventing crack propagation within the matrix and acted as crack stoppers. Thus, the notched strength of the 2D woven laminates was reported to be higher than the laminated composites. In other words, 2D woven composites were found to be less notch sensitive (Naik et al. 1990; Shembekar and Naik 1992) . Replacing 2D with 3D woven composites helped in achieving further enhancement of the notched strength and fracture toughness, along the fibre direction, of composites as reported in (Cox et al. 1996; Tsai et al. 2000) . The effect of the through-thickness binder in 3D woven composites was clearly observed as a dramatic decrease in the notch sensitivity of 3D woven composites and significant improvement of the fracture toughness and damage tolerance compared with those of 2D woven laminates. Recently, Dai et al. (Dai et al. 2015b) , investigated the notch sensitivity of carbon fibre reinforced polymers (CFRP) ORT and AI woven composites tested in quasistatic tension and tension-tension fatigue. The scope of both tests was the on-axis loading either along the warp or the weft direction. For quasi-static testing, DIC was used to monitor the damage evolution up to failure while an infra-red camera was used in the case of fatigue testing to monitor the development of fatigue damage. To address the effect of the notch size on the notched response of 3D woven composites, two hole sizes with a diameter to width ratio of 1/6 and 1/2 respectively were tested. The study concluded that regardless of the hole size, the reduction in the strength of the investigated architectures did not exceed 17% compared to the un-notched strength in the case of on-axis loading. Although 3D woven composites tested along the warp or weft directions have been proven to be relatively notch insensitive (Mubeen 2014; Dai et al. 2015b) , there is very limited literature reporting the behaviour/sensitivity of 3D woven composites loaded along the off-axis direction exists.
Off-axis
Only one recent study by Saleh et al. (Saleh et al. 2016a) reported the notched response of 3D woven composites, in off-axis orientation, by an open hole tension test. The study considered three different architectures namely ORT, AI and LTL and focused only on the off-axis direction. DIC was used for in-situ damage evolution monitoring as shown in the test setup (Fig. 7) .
As a measure of the notch sensitivity, the normalised tensile strength was defined as the notched strength (σ n ) divided by the un-notched strength (σ un ). For all the tested architectures, the normalised tensile strength was greater than 90%, which suggested that all the tested architectures were relatively notch insensitive (see Table 5 ) compared to the ideally ductile "notch insensitive" curve defined in Eq. 1.
where: (σ n ) : The notched tensile strength (σ un ) : The un-notched tensile strength (d) : The hole diameter (w) : The specimen width The final failure of the 3D woven architectures "corresponding to 40% load drop during testing" in the off-axis direction was progressive failure not catastrophic brittle fracture. Moreover, the ORT architecture in the off-axis orientation, out of all the tested architectures, exhibited higher ultimate strength and strain to failure, as was the case for the un-notched specimens reported in (Saleh et al. 2016b) . The difference in the response for the ORT was attributed to the high density/frequency of the through-thickness binding which acted as crack stoppers for delamination and matrix cracking. In addition, the DIC analysis highlighted that the ORT architecture redistributed the stress/strain over a wider region away from the hole which reduced the stress concentration at the notch periphery (see Fig. 8 ) compared to the AI and LTL architectures which failed prematurely at a 45°line due to extensive delamination.
The paper concluded that 3D woven composites in the off-axis orientation, especially ORT, demonstrated a potential of overcoming some of the major challenges for composite joint applications which include the pseudoductility, stress redistribution away from the notch and notch insensitivity.
Bearing strength
In spite of many studies investigating the bearing response of 2D laminated composites (Kelly and Hallström 2004; Thoppul et al. 2009; Pisano and Fuschi 2011; Atas 2012; Öndürücü et al. 2012; Soutis 2013, 2014; Khashaba et al. 2013) , the literature discussing the bearing response for 3D woven composites is quite sparse. A study by Warren et al. (Warren et al. 2015b ) investigated the bearing response of ORT and LTL 3D woven architectures. Extensive investigation of the single-lap response of these two architectures was carried out with the objective of exploring the dependency of the response on the loading orientation. In order to achieve this, seven different orientations between warp (0°) and weft (90°) directions were tested in quasi-static single-lap test as shown schematically in Fig. 9a . On the contrary, only one single loading orientation along the warp direction was used to study the double-lap bearing response (see Fig. 9b ) of the same architectures. In the case of LTL architecture, two sizes of IM7 carbon tows were used; 12 K and 24 K. For all the tested orientations, the failure of 3D woven composites was a non-catastrophic failure accompanied by bearing failure mode. Matrix cracking and tow distortion around the hole, which caused some drop in the load were reported as the most dominant damage mechanisms. A stiffness reduction in the range of 24.7 to 32.7% of the onaxis stiffness was observed upon changing the loading orientation in the single-lap bearing strength test. In addition, the 24 K tow size increased slightly the bearing response compared to the 12 K for LTL architecture.
As an attempt to determine the off-axis response of 3D woven composites, the double-lap bearing strength test (see Fig. 9b ) has been conducted for ORT, AI and LTL architectures in the off-axis direction by Saleh et al. (Saleh et al. 2016a ). X-ray CT was used to visualise the internal damage of the failed specimens.
Up to 50% bearing strain, no significant variation in the global bearing stress/bearing strain response (see Fig. 10a ) was observed. Summary of the bearing mechanical properties of the ORT, AI and LTL architectures is detailed in Table 6 . Similar to (Warren et al. 2015b ), all architectures failed, non-catastrophically, in a bearing failure mode. However, X-ray CT scans revealed the effect of the zbinder path on the damage mechanisms and delamination propagation. The dominant damage mechanisms were found to include matrix crushing, extensive delamination, transverse cracking and z-binder induced damage. When specimens are loaded up to failure, a clear difference in the bearing stress/strain response was observed (see Fig. 10b ). The study reported that the ORT architecture in the off-axis direction displayed an enhanced ability to carry higher loads after damage onset until ultimate failure followed by AI and finally LTL which is directly reflected by the energy absorption of ORT being the highest followed by AI and finally LTL. This suggested that in addition to the unit cell size effect, having a through-thickness binder (ORT and AI) can suppress delamination and delay final failure. However, delamination progression is guided by the zbinding yarns between layers which led to final failure of the LTL architecture as proven by the X-ray CT scans.
One recent study by Mounien et al. (Mounien et al. 2016 ) investigated the on-axis vs. off-axis bearing response of thick 3D woven composites (9.4 mm or 19.6 mm). This is considered the only study that focuses on thick 3D woven composites as opposed to relatively thinner ones reported by (Warren et al. 2015b; Saleh et al. 2016a) . Two tests were conducted namely as the pin-bearing test on half-hole and the double-lap pin-bearing test. The designed 3D woven fabrics were unbalanced with a higher fibre volume fraction in the warp direction compared to the weft direction. However, the authors did not specify the architecture of the 3D woven composite tested in their study. During testing, DIC was used to obtain a full strain maps and AE was utilised to detect damage initiation and evolution through the accumulated AE energy and the amplitude of the AE events. Authors reported a good agreement between the bearing strength obtained from the half-hole and double-lap tests along the warp and weft directions, but not in the biased "off-axis" direction. This was attributed to the fact that in the half-hole test the load carrying yarns were cut along the cross section for testing. In the case of the double-lap test, the warp-loaded specimens demonstrated the highest stiffness but the off-axis loaded specimens had the highest bearing strength, which supports the argument proposed earlier by (Saleh et al. 2016a ) that although off-axis 3D woven composites demonstrate less stiffness, they possess significantly better damage resistance/tolerance capabilities up to failure.
Finally, the study proposed a damage scenario to explain the failure of the on-axis loaded specimens which still needs to be supported by X-ray CT scans. Kinking of the tows at the loaded edge led to the non-linear behaviour observed which then developed through the specimen's thickness forming a network of kink bands, transverse cracks and tows debonding. Once the load-carrying yarns failed by kinking, it led to the bearing failure observed.
Discussion & concluding remarks
As the objective of this study was to provide a comprehensive review of recent experimental work characterising the mechanical properties of 3D woven composites, Table 7 classifies most of the papers, to the authors' knowledge, which investigated the un-notched tensile, compressive, inplane shear, interlaminar shear and flexural response depending on the weaving architecture "ORT, LTL or AI". Such a summary was mainly designed to highlight the knowledge gap in literature and point out different types of testing required to fully characterise such material systems ahead of relying on them in real life applications. It is clear from the comparison that ORT architecture has received the most extensive attention specially in characterising the tensile and compressive response. However, less work has been done to characterise the in-plane shear, flexural and interlaminar shear response of ORT, LTL and AI. In real life applications, it is quite uncommon for a component or structure to experience only a single state of stress, so it is quite essential to draw more attention to the lateral types of testing to realistically characterise 3D woven composites in which multiaxial loading conditions are expected. Similarly, Table 8 attempts to summarise the notch sensitivity characterisation of 3D woven composites as well as the impact response discussed in the literature. One of the major challenges facing the expansion of using composite materials in application is the notch effect. However, it is clear from the comparison that there is very little work focused on understanding the notched behaviour of 3D woven composites either loaded along the fibre direction "warp/weft" or along a biased "offaxis" direction. On the other hand, a fair amount of work has been performed to characterise the impact behaviour of 3D woven composites that outperforms the impact performance of unidirectional pre-preg based or 2D woven laminates. The potential of using nondestructive testing (NDT) techniques for damage detection in 3D woven composites is summarised in Table 9 . Several researchers utilised DIC, X-ray CT and AE techniques to characterise damage in ORT architecture with less focus on AI and almost minimal attention to LTL. This suggests a room for improvement in establishing such techniques specially AE as a valuable NDT technique for damage initiation and evolution detection for 3D woven composites. As a general remark from the reviewed studies, having a through-thickness z-binder (ORT and AI) can suppress delamination and delay final failure. However, in the case of LTL architecture, delamination progression between layers is guided by the z-binding yarns, which leads to final failure. The same effect is observed in the cases of the un-notched, notched and bearing response of 3D woven composites. This suggests that optimisation of 3D woven composites design should consider the z-binder architecture depending on the application and avoid the LTL binding approach. Then, the second optimisation parameter is the z-binder frequency going from top to bottom "unit-cell size". For applications in which high strain to failure and higher energy absorption required, smaller weaving architecture unit-cell with higher zbinder density should be adopted such as the ORT architecture. In conclusion, 3D woven composites have proven that not only they have enhanced out-of-plane properties, but also better damage resistance/tolerance and enhanced in-plane properties when compared to their counterparts of unidirectional pre-preg based or 2D woven laminates. 
